2+ is the key intracellular regulator of insulin secretion, acting in the β-cell as the ultimate trigger for exocytosis. β-cell function and survival. Across the islet, intercellular communication between highly interconnected "hubs," which act as pacemaker β-cells, and subservient "followers," ensures efficient insulin secretion. Loss of connectivity is seen after the deletion of genes associated with type 2 diabetes (T2D) and follows metabolic and inflammatory insults that characterize this disease. Hubs, which typically comprise~1%-10% of total β-cells, are repurposed for their specialized role by expression of high glucokinase (Gck) but lower Pdx1 and Nkx6.1 levels. Single cell-omics are poised to provide a deeper understanding of the nature of these cells and of the networks through which they communicate. New insights into the control of both the intra-and intercellular Ca 2+ dynamics may thus shed light on T2D pathology and provide novel opportunities for therapy.
Ca
2+ is the key intracellular regulator of insulin secretion, acting in the β-cell as the ultimate trigger for exocytosis. In response to high glucose, ATP-sensitive K + channel closure and plasma membrane depolarization engage a sophisticated machinery to drive pulsatile cytosolic Ca 2+ changes. -binding protein Sorcin appear to provide a link between ER Ca 2+ levels and ER stress, affecting β-cell function and survival. Across the islet, intercellular communication between highly interconnected "hubs," which act as pacemaker β-cells, and subservient "followers," ensures efficient insulin secretion. Loss of connectivity is seen after the deletion of genes associated with type 2 diabetes (T2D) and follows metabolic and inflammatory insults that characterize this disease. Hubs, which typically comprise~1%-10% of total β-cells, are repurposed for their specialized role by expression of high glucokinase (Gck) but lower Pdx1 and Nkx6.1 levels. Single cell-omics are poised to provide a deeper understanding of the nature of these cells and of the networks through which they communicate. New insights into the control of both the intra-and intercellular Ca 2+ dynamics may thus shed light on T2D pathology and provide novel opportunities for therapy. Figure 1 ). The contributions of intracellular Ca 2+ transport pathways, and of other intracellular ion channels, in the generation of these signals remains more controversial, and will be discussed later.
K E Y W O R D S
Our focus in this contribution will thus be the role and regulation of Ca 2+ dynamics in and between β-cells. For a more comprehensive review of the role of these ions in the regulation of secretion from other islet neuroendocrine cells, the reader is referred to recent articles (see for example see References 3,4). The first chimaeric probe to be used in this way in β-cells was an aequorin linked to the leader sequence of mitochondrial cytochrome c oxidase subunit VIII, 18 thus localising it to the mitochondrial matrix. 9 Probes targeted to the endoplasmic reticulum (ER) and Golgi, 19 as well as secretory granules, 19 were subsequently deployed, and will be discussed in more detail below. The following section summarizes the key findings made using the above targeted probes in β-cells. These are summarized in Figure 1 . • Requires viral vectors .
| Key technical developments in
• Requires continuous addition of the substrate coelenterazine.
• Requires specialized imaging setups 9 CaSIRs = CaSi-rhodamine; NIR = near infra red; GECO = genetically encoded Ca 2+ indicators for optical imaging. 
| Mitochondria
Mitochondrial metabolism is critical for glucose-induced insulin secretion. 21 Correspondingly, alternative fates for glycolytically generated pyruvate catalysed by lactate dehydrogenase (LDHA) and the plasma membrane lactate/pyruvate transporter SLC16A1 (MCT1) are selectively suppressed, or "disallowed," in the β-cell, that is these activities are present at unusually low levels in β-cells compared with all other tissues.
22
Although long considered to serve chiefly as buffers and reser- 28 are also subject to regulation by Ca 2+ (Figure 2 ).
Finally, glycerol phosphate dehydrogenase (GPDH) 29 is also subject to control by Ca
2+
, although in this case Ca 2+ binding is thought to occur on the cytosolic face of the inner mitochondrial membrane. In addition, mitochondria are the source of putative coupling factors such as glutamate 30, 31 which may contribute to the "K ATP channelindependent" actions of glucose on insulin secretion. 32 The regulation of the production of these factors by Ca 2+ is presently not well understood. Of note, glucagon-like peptide-1 (GLP-1), which appears to engage this pathway through increases in intracellular cAMP and activation of Exchange protein directly activated by cyclase 2 (Epac2, Rapgef4), 33, 34 was also found to increase ATP/ADP levels in β-cells in our hands 35, 36 though not in others'. 37 As observed in extrapancreatic cells, 18 increases in mitochondrial free Ca 2+ (from <100 nM to 1-20 μM), which exceed those observed in the cytosol (~100 to~500 nM), are apparent upon stimulation of clonal β-cells Although early studies revealed heterogeneity in ATP levels between islet regions corresponding to a few cells (resolution in this case being limited by the relatively weak photon production by firefly luciferase, used in these studies), 47 others have shown this not to be the case using different approaches (ie, NADH/NADPH imaging), 48 highlighting possible divergence between NADH/NADPH and ATP/ADP fluxes.
| Secretory pathway
Ca 2+ is present at very high levels in the granule lumen, largely bound to insulin hexamers with Zn 2+ . Total concentrations of Ca 2+ are thus 120 mM in this compartment. 49 By contrast, measurements of intragranular Ca 2+ achieved using a chimeric Ca 2+ sensor generated by the fusion of vesicle-associated membrane protein-2 (VAMP2) and aequorin, indicated free Ca 2+ levels in secretory granules in thẽ 40 μM range. 50 Importantly, a fraction of the intragranular pool may be mobilized in response to a glucose-generated increase in intracellular nicotinic acid adenine dinucleotide phosphate (NAADP).
Whether this, or a lysosomal 51 pool, is then responsible for two-pore channel 2 (TPC2)-dependent and localized Ca 2+ changes which may control plasma membrane potential (by regulating flux through a nonselective cation channel, possibly TRPM4 or TRPM5) is still under investigation. Of note, TPC2 (Tpcn2) deletion from the β-cell in mice had no effect on insulin secretion or glucose homeostasis in vivo, 52 possibly as a result of compensation by TPC1 (Tpcn1); simultaneous inactivation of both channels in the β-cell will be needed to test this hypothesis. Interestingly, highly localized depolarization-induced Ca 2+ changes were also apparent at the secretory granule surface 53 and may play a role in catalysing exocytosis though interaction with plasma membrane located channels, as described above, or critical soluble N-ethylmaleimide sensitive factor attachment protein (SNAP) and SNAP receptor (SNARE) proteins (eg, Synpatotagmin 7) 54 located on the granule itself.
| Endoplasmic reticulum
The chief systems through which Ca 2+ is accumulated by and released from the ER are shown in Figure 1 . RNAseq-based studies have, however, revealed low but detectable levels of expression (at the mRNA level) of this family in β-cells from both mice 58 and man, 59 with RyR3 and RyR2 being present, respectively, in islets from these species.
It should also be emphasized that, whilst mobilization of intracellular stores probably plays only a minor role in β-cell responses to glucose, the response to G q -coupled receptors, for example metabotropic glutamate receptors and muscarinic agonists, certainly involves the generation of inositol 1,4,5-trisphoshate (IP 3 ) and the opening of ER-located IP 3 receptor channels, which leads to Ca 2+ release. 6 The role of local domains of Ca 2+ released in this way, and known to be important for the stimulation of mitochondrial metabolism in other (non-excitable) cell types, appears to be less important in β-cells. Interestingly, ER Ca 2+ depletion, causing ER stress, is associated with β-cell failure and type 2 diabetes (T2D) risk. 60 As recently reported, 61 
"
Mice over-expressing sorcin selectively in the pancreatic β-cell are resistant to diet-induced failure of insulin secretion…. "
| Plasma membrane
While their contribution compared with the ER is small, membrane exchangers and pumps still play an important role in Ca 2+ homeostasis in the β-cell. Recent studies have shown that inhibition of the sodium-calcium exchanger isoform 1 (NCX1) results in glucosedependent increases in cytosolic Ca 2+ concentration and insulin secretion. 62 Similarly, heterozygous inactivation of the plasma membrane Ca 2+ ATPase (PMCA) leads to intracellular Ca 2+ accumulation, augmented insulin release and, strikingly, improved β-cell proliferation, viability and mass. 63 
| β-Cell to β-cell communication: intra-islet connectivity
It has been known for many years that intercellular communication is important for normal insulin secretion. Indeed, early studies noted the presence of a right-shifted glucose concentration-response curve, lowered insulin gene expression and impaired insulin release in dissociated cells vs their counterparts residing within the islet setting. 64, 65 This is probably because of loss of cell-cell coupling, because seminal studies where the predominant gap junction protein connexin 36 was deleted from β-cells showed perturbed population responses to glucose and impaired insulin pulsatility in vivo. 66 More recently, ephrins, cilia and paracrine factors (eg, between α-and δ-! β-cells) have all been shown to contribute to the intra-islet regulation of insulin secretion. 67, 68 Critical to the study of islet wide Ca 2+ dynamics has been the development of high speed Ca 2+ imaging as a means of providing further evidence for cell-cell communication across the β-cell population.
Combined with modelling approaches, this has provided a remarkable level of detail regarding the role of functional β-cell subpopulations in orchestrating insulin secretion. Evidence for "pacemaker" cells within the islet was first obtained in the early 1990s. 69 Subsequently, work from Benninger et al, who pioneered the application of fast multicellular Ca 2+ imaging approaches to islets, showed the presence of distinct phase lags between β-cells located within different islet regions, 70 building on earlier observations using patch clamp electrophysiology. 71, 72 Demonstrating that the organization of β-cell activity was more complex than originally envisaged, studies using network theory to decode islet-wide Ca 2+ signals in tissue slices revealed a nodal topology where a minority of cells host the majority of functional connections in terms of coordinated Ca 2+ rises. 73 Using analogous techniques, it was shown that a small subpopulation of β-cells was responsible for routing information between cells through the islet.
" …a small subpopulation of β-cells was responsible for routing information between cells through the islet… " These specialized cells, termed "hubs," were shown to be genuine pacemakers in situ in islets by Johnston et al 74 ( Figure 4) . Here, we combined online analyses with optogenetics to map the β-cell population, allowing hubs to be identified and silenced with pinpoint precision using a diffraction-limited laser spot. Parallel experiments were performed to activate the same subpopulation using the lightactivated sulfonylurea, JB253. 75, 76 Thus, inactivation of the bestconnected hubs-similar to the previously described nodes 73 -led to a near complete, but readily reversible, blockade of Ca 2+ dynamics.
Conversely, reactivation of hubs (at a sub-stimulatory glucose concentration) led, on average, to re-connection to previously identified follower cells. Using a cell surface-tethered Zn 2+ probe, which measures Zn 2+ released from the insulin hexamer, 77 silencing of hubs but not followers decreased insulin secretion, demonstrating the fundamental importance of Ca 2+ dynamics for islet output. Notably, the hubs were targeted by cytokines to induce islet failure, probably due to their lowered expression of the sarco(endo) plasmic reticulum Ca
2+
ATPase SERCA2 and susceptibility to ER stress (see further). In a similar manner, we 78 were able to show that β-cell to β-cell contacts also existed in human islets, although coordinated activity seemed to be driven more strongly by incretin compared with glucose, the latter secretagogue instead engaging communication between local clusters. 79 Importantly, this connectivity was disrupted by glucolipotoxic insults in vitro, and we were able to infer, through a strong negative correlation with body mass index, a likely association with insulin resistance in man. 78 It should be emphasized that, although we have reported that incretin-enhanced connectivity 78 was unaffected by ageing (in contrast to a strong inverse relationship with body mass index), changes in glucose-dependent connectivity have not so far been reported. However, alterations in Ca 2+ dynamics with age in mice raise the possibility that connectivity may also be targeted. 80 Further supporting a critical role of connectivity in human islets were studies in which the genome-wide identified T2D-associated genes T-cell factor-7-like 2 (TCF7L2) 81 and Adenylate cyclase 5
(ADCY5) 82 were deleted in rodent islets or silenced in human β-cells, respectively, leading to weakening of local coordination in response to glucose and impaired insulin secretion. Interestingly, deletion of other T2D-associated genes, SLC30A8 (ZnT8) 83 or STARD10 (G.A.R.
and P.C., unpublished), from mouse islets, had no impact on Ca 2+ dynamics or intercellular connectivity. Nonetheless, these findings
show the potential for inheritance of altered Ca 2+ responses as a factor affecting T2D risk.
| Transcriptional control of Ca 2+ dynamics and modifications in T2D
The regulation of Ca 2+ channels and other players in Ca 2+ dynamics is still not well understood although the dysregulation of several of these is hinted by studies of islets from T2D vs control subjects.
Thus, analysis of the data from Fadista et al 84 reveals a gene ontology (GO) group "Regulation of calcium ion transport" as affected with marginal significance (P = .07). Future studies with larger numbers of subjects will be needed to confirm or refute this finding. Consistent with these observations, recent studies in rodents from Speier and colleagues 85 have shown a gradual degradation of normal glucoseinduced islet Ca 2+ dynamics in islets transplanted into the anterior chamber of the eye, and exposure of the recipients to a diabetogenic diet, compared with animals maintained on a normal diet. Whether similar changes are observed during the course of prediabetes and diabetes in man remains to be ascertained.
It should be noted in this context that there is increasing (though contested) evidence that a loss of β-cell "identity"-involving a loss of expression of β-cell signature genes and the reactivation of "disallowed" genes and genes usually expressed only in β-cell progenitorscontributes to cellular dysfunction in T2D. 86 Of note, 2 key transcription factors responsible for the establishment and maintenance of β-cell identity, regulatory factor X6 (RFX6) 87 and paired box 6 (PAX6), 88 
FIGURE 4
Hubs and followers. A, Hub cells (blue) direct the activity of follower cells (grey) via presently undefined mechanisms, leading to coordinated population behaviour and insulin release. B, Optical silencing of hubs using halorhodopsin (NpHR) leads to more stochastic population behaviour and impaired insulin secretion. C, Hubs are more energetic, more metabolic, less mature and less secretory than followers, and are vulnerable to insults (free fatty acid and cytokines) regulate the expression of multiple Ca 2+ channels, as revealed by targeted inactivation of these factors in the adult mouse β-cell, Interestingly, recent studies (Mitchell et al, 2017 ) 90 show that β-cell to β-cell connectivity can persist, and even be enhanced, in the face of marked "de-differentiation" of the β-cells following deletion exist in other endocrine tissue. 93 Whilst we have not observed changes in hub/follower interactions over a period of 2 h, 74 further developments in imaging technology will be necessary to explore the nature of these cells over longer time periods (eg, following the transplantation of islets into the anterior chamber of the eye). population. 67 Of note, disruption of the Bbs4 gene in mice leads to basal body/primary cillary perturbations 67 and is associated with impaired first phase insulin release both in vivo and in isolated islets.
| Proximity to other islet types
An intriguing possibility is that hubs may be located within a particular niche, for example in close proximity to blood vessels, to other islet cell types (δ-or α-cells) or to nerve endings. We note here that differences between the innervation of human and mouse islets 100 may be of relevance, although even in human islets rare connections are still seen between neurons and β-cells. 100 It must be emphasized that the studies reported up to now have used cultured islets wherein both interneurons and blood vessels have largely collapsed. Studies are therefore underway to investigate these questions, including through imaging islets implanted in the anterior eye chamber 94 and directly in the pancreas 101 where neural and vascular supplies are rewired or maintained.
| Role of gap junctions
The demonstrated requirement for Cx36 (Gjd2) 74 indicates that gap junctions are essential for transmission. Our current strategies have relied on imaging across a layer of cells in a single plane, and it is conceivable that out-of-plane connections, involving a "train" of cells which transmit signals exists. Alternative imaging modalities, which capture further cell layers, and higher rates of image capture, will be important to explore this possibility. Although the highly scattering nature of the islet prevents truly deep imaging at cellular resolution, light-sheet approaches in relatively opaque zebrafish may provide a useful alternative to investigating 3D Ca 2+ dynamics in the islets.
| Clinical relevance
Great strides have been made in recent years to develop β-like cells from human embryonic stem (hES) and induced pluripotent stem cells (iPS). 102 Intriguing questions remain as to whether these resemble any of the islet cell types described by our functional imaging studies described above, 74, 78 as well as those defined by Grompe and colleagues. 103 It will equally be of interest to know whether "hubbiness"
can be recapitulated in the "synthetic" islet-like organoids generated through these routes in vitro or in vivo. Moreover, whether β-cell re-programming in vivo properly recapitulates a heterogeneous landscape is unknown, and this may be relevant for T2D treatment considering the requirement for subtle cell-cell differences in insulin release, as shown by functional and transcriptomic studies.
| Human islet hubs
Although human islets have dissimilar architecture to mouse islets, 104 cell-cell coordination does occur within local cell clusters, 74 as well as globally in response to incretin. 78 help to delineate whether incretin-regulated connectivity is driven by a subpopulation of cells, or whether it is the consequence of a more global phenomenon.
| Why are hubs so fragile?
An interesting observation is that hubs express low levels of SERCA2, a serendipitous finding from attempts to examine ER content (later confirmed to be normal using the marker protein disulfide isomerase). 74 The reason for this is unknown, but may underlie the susceptibility of these cells to cytokine insults due to ER stress mechanisms. 106 Conversely, the lowered insulin expression found in hubs may offset this vulnerability, because genetically reducing insulin output during β-cell compensation to high fat diet has recently been shown to protect against ER stress. 
